Development of the force field for the carbon-metal interactions
The potential energy of the whole catalytic CNT growth system can be divided into three categories, i.e., (S-1) = + + in which , , and are the carbon-carbon (C-C), metal-carbon (M-C), and metal-metal (M-M) interaction energies, respectively. Here, the metal atoms represent the catalyst particle. These three potential energy terms can be further written as, Like the former development of the reactive empirical bond order (REBO)
potential, 1 we consider the following cases for the C-C interaction: (1) a C-C bond far away from the metal particle; (2) a C-C bond on the surface of the metal particle; (3) a C-C bond under the subsurface of the metal particle; and (4) a C-C bond inside the metal particle. For the M-C interaction, in addition to the bond order from the surrounding metals, we also consider the bond order from the surrounding carbons, which determine the types of carbon atoms in the selected M-C bonds (e.g., the carbon monomer, carbon dimer, carbon chain, carbon wall, AC edge or ZZ edge, etc.).
The important improvements of this newly developed REBO potential are mainly manifested in the M-C interaction, including the addition of (1) a parameter of local coordination to tune the M-C interaction while simplifying the form of the original M-C potential; 1 and (2) an angle dependent term to reflect the fact that a σ bond of the C-M interaction at the edge of the carbon wall tends to be perpendicular to the metal surface. 2 It should be noted that the parameter fittings with this M-C potential are based on the density function theory (DFT) calculations of the carbonnickel system. The details of the three interaction categories are introduced below.
S1 Carbon-Carbon interaction
The C-C interaction is mainly described by the modified REBO2 potential, 3 including the repulsive interaction term and attractive interaction term as
functions of the distance between two paired atoms. A parameter  ij cc is added to reflect the screening effect of metal atoms on the C-C bond, which weakens the C-C interaction. As such, the C-C interaction is written as
in which the parameters Q, A, , , and B n are the parameters are described in the α original REBO2 potential. 3 In Eq. (S-7), b ij is the bond order function, depending on the local coordination and the bond angle of carbon atoms i and j. 
in which is the averaged metal coordinates of atoms i and j, and thus reflects the metal environment around a C-C bond. In Eq. (S-10), and represent the metal coordinates of atoms i and j, respectively, as defined by equations (S-11) and (S-12)
below. and are the cutoff numbers (see table S1 ). Similar to defined 
in which R cm1 and R cm2 are the cutoff distances (see table S1 ). When exceeds , 2 the C-C interaction is obviously reduced to 0, which corresponds to the cases of carbon atoms dissolved into the metal particle.
Table S1
Parameters for equations (S-8), (S-9), and (S-13) with nickel as the metal catalyst.
S2 Metal-Carbon interaction
The M-C interaction is written as Eq. (S-14) nominally, including the distance dependence term and the angle dependence term , i.e., ( ) ( 
in which is the equilibrium binding energy, and the parameters D e , S, , R e1 , R e2
and C R are listed in table S2. In Eq. (S-18), is the equilibrium distance between metal atom i and carbon atom j that depends on the coordination number , which indicates the environmental influence from both the surrounding metals and carbons, i.e., Table S2 Parameters for the equations (S-16), (S-17) and (S-18) with the nickel as metal catalyst.
In Eq. (S-19), is the weighing parameter for the metal and carbon coordinate = 0.08
One of the most important contributions of this newly developed M-C potential is the design of parameter , which acts as a function of ( , ), and thus 23), (S-24), and (S-25), respectively. Therefore, by fixing some of the knots of , the other values can be interpolated using the tricubic-spline interpolation. To make our potential approach as reasonable as possible, we tune these crucial knots based on the energies of some typical structures calculated by the DFT. Fig. S3 and Table S3 show the typical structures and their formation energies for the tuning of the parameter knots, respectively. Via the parameter , the effects of the local chemical environments on the M-C interaction can be taken into account. Furthermore, by tuning , we can conveniently modulate the potential for carbon-metal interactions. 
where N is the number of carbon atoms and is the energy per carbon atom in the graphene. However, for e and f (C on AC and ZZ edge), the
in which E FE and E b are the formation energy of the free SWCNT end and the SWCNT-metal binding energy, respectively, and The addition of the angle dependence term is another important improvement of this new potential. It was found recently that the C-M bond has a remarkable angle dependence for the carbon atoms at the edges of a graphene nanoribbon (GNR), 2 which means the σ bond tends to be perpendicular to the metal surface. To include this bond orientation preference, we add an angle dependence term in our new potential, i.e., (S-26) Table S4 knots with nickel as the metal catalyst.
Carbon Atoms 
S3 Metal-Metal interaction
The M-M interactions of the nickel particle are descripted by the Sutton-Chen potential. 5 (S-30)
where c is a dimensionless parameter, is a parameter with dimensions of energy and a is the lattice constant. m and n are positive integers, with n > m. The nickel particle parameters are listed in table S5.
Table S5
Parameters of Sutton-Chen potential for nickel particle. Thus, from above discussion, we can conclude that the quality of NewFF is very high for M-C interactions, and thus the results obtained by the MD based on the newly developed potential energy surface should be more realistic. 
Where, N is the number of carbon atoms and ε G is the energy per carbon atom in the graphene. 
Details of density functional theory (DFT) calculation
Most of the DFT data sets used for the fitting are obtained from the previous works 8, 9 and their relative supporting information. DFT calculations are performed with the Vienna Ab-initio Simulation Package (VASP) 10, 11 The generalized gradient approximation (GGA) is adopted for the exchange correlation by using PerdewBurke-Ernzerhof (PBE) functional, with the spin polarization taken into account. 12 The plan wave cutoff energy is set to be 400 eV and the projector-augmented wave (PAW) is used as the pseudopotential. 13 The convergence criterion for energy and force is set to be 10 −4 eV and 0.02 eV/Å, respectively.
Defect healing during the pure MD Fig. S9 (a-c) The defect of pentagon is healed to be hexagon via bond breakage and reconnection of the dangling carbon atom attached to the pentagon. (d-f) The defect of pentagon is healed to be hexagon via direct insertion of the diffused carbon atom. The catalyst is removed for sake of clear display. S10 (a-c) The defect of heptagon is healed by reconstruction and connection of the attached carbon atom and chains.
